and altered floral organ morphology. These defects were almost completely rescued by overexpression of OsGRF6. OsGRF6 and its ortholog OsGRF10 were the most highly expressed OsGRF family members in young inflorescences, and the grf6/grf10 double mutant displayed abnormal florets. OsGRF6/10 localized to the nucleus, and electrophoretic mobility shift assays revealed that both OsGRF6 and OsGRF10 bind the GARE element in the promoters of OsJMJ706 and OsCR4, which were reported to be participated in the regulation of floral organ development. In addition, OsGRF6 and OsGRF10 could transactivate OsJMJ706 and OsCR4, an activity that was enhanced in the presence of OsGIF1, which can bind both OsGRF6 and OsGRF10. Together, our results suggest that OsmiR396d regulates the expression of OsGRF genes, which function with OsGIF1 in floret development via targeting of JMJ706 and OsCR4. This work thus reveals a miRNA-mediated regulation module for controlling spikelet development in rice.
INTRODUCTION
Spikelets, the basic inflorescence units in rice, contain the grains and typically consist of a flower with one lemma, one palea, two lodicules, six stamens and one pistil (Bommert et al., 2005; Itoh et al., 2005) . Many genes have been reported to be involved in spikelet development. The maintenance of meristem organization requires a series of genes, including OsTOB1, APO2/RFL, APO1, ASP1, OsEG1, MFO1, OsMADS6 and LHS1, as well as a few microRNAs, such as OsmiR172 (Aukerman and Sakai, 2003; Chen et al., 2005; Sentoku et al., 2005; Ikeda et al., 2007; Ikeda-Kawakatsu et al., 2009; Li et al., 2009; Ohmori et al., 2009; Cui et al., 2010; Gao et al., 2010; Li et al., 2010; Ikeda-Kawakatsu et al., 2012; Tanaka et al., 2012; Yoshida et al., 2012) . Multiple genes, including G1 (ELE) and OsMADS34, are required for lemma identity (Ikeda et al., 2007; Yoshida et al., 2009; Gao et al., 2010; Lilan et al., 2010) , and mutation of key floral regulator genes disrupts the morphology of the palea and lemma, for instance in the leafy hull sterile 1 (lhs1)/osmads1 (Jeon et al., 2000; Prasad et al., 2005) , mfo1/osmads6 (Ohmori et al., 2009; Li et al., 2010) , fon (Li et al., 2007) , opb (Horigome et al., 2009 ) and dp1/rep1 (Jin et al., 2011) mutants. OsCR4, a crinkly4 receptor-like kinase, was recently reported to maintain the interlocking of the palea and lemma by promoting epidermal cell differentiation (Pu et al., 2012) . However, how other genes are involved in this process remains poorly understood.
Many miRNAs, along with their regulatory interactions with their targets, have been highly conserved during evolution. For instance, multiple miR396 loci are present in both Arabidopsis thaliana (ath-MIR396a~c) and rice (osa-MIR396a~i) (Jones-Rhoades and Bartel, 2004) . Over-expression of AtmiR396 in Arabidopsis suppresses the expression of its targets, including seven out of the nine GRF (Growth Regulating Factor) genes, leading to altered leaf growth by disrupting the coordination of cell division and differentiation (Kim et al., 2003; Horiguchi et al., 2006; Kim and Lee, 2006; Lee et al., 2009; Liu et al., 2009; Rodriguez et al., 2010; Wang et al., 2011) . AtGIF1 (GRF-Interacting Factor1) interacts with AtGRF1, and the atgif1 mutant exhibits narrower leaves and petals (Kim and Kende, 2004; Horiguchi et al., 2011) . OsGRFs have been reported as potential regulators of stem growth in rice (Van der Knaap et al., 2000; Choi et al., 2004) . Down-regulation of OsGRF1 in the rice rhd1 mutant leads to later heading, and also delayed growth and development (Luo et al., 2005) . However, less is known about the molecular genetic network mediating miRNA regulation of rice meristem, palea, and lemma identity, which affect the open vs. closed state of the spikelets among other characteristics.
In this study, we characterize an OsmiR396d-mediated regulatory network. We demonstrate that OsmiR396d and its target OsGRF genes are involved in floral organogenesis.
Our data suggest that OsGRF genes encode plant-specific transcription factors bind the promoters of targets such as OsJMJ706 (Sun and Zhou, 2008) and OsCR4 (Pu et al., 2012) to regulate husk opening and floral organ identity. We also show that OsGRFs interact with OsGIF to influence the activity of their targets.
RESULTS

OsGRF6 Knockdown and OsmiR396d Overexpression Both Cause Abnormal Floret Phenotypes
To investigate the biological function of OsGRF6, OsGRF6 antisense transgenic lines (OsGRF6as) were created. The OsGRF6as plants displayed abnormal floret phenotypes including open husks and long sterile lemmas compared to wild type (Fig. 1, A 
and B).
Expression levels of OsGRF6 in the three OsGRF6as lines were down-regulated 0.36; 0.31; 0. 14) compared to the wild type (Fig. 1C) , and the degree of down-regulation correlated with the percentage (GRF6as-4, 4%; GRF6as-10, 5%; GRF6as-6, 10%) of florets showing defects (Fig. 1, B and C) . Proteins in the OsGRF family share sequence similarity in their WRC domain (Fig. 1D) , prompting us to test whether OsGRF6 paralogs were also downregulated. Indeed, OsGRF4, OsGRF5, OsGRF6 and OsGRF9 were all down-regulated in OsGRF6as line 6 (OsGRF6as-6; Fig. 1E ).
OsGRF6 is one of the predicted target genes of the 21-nt noncoding RNA OsmR396d (Li et al., 2010) . We therefore generated OsMIR396d-overexpressing transgenic (miROE) lines (Supplemental Fig. S1 ). RNA gel blot and qRT-PCR assays showed that miR396d transcript levels were increased in several independent miROE lines (Fig. 2B) . The spikelets of miROE lines displayed a variety of abnormal phenotypes, including open husks and long sterile lemma florets compared with the ZH10 wild type ( Fig. 2A) . In addition, the palea and lemma www.plantphysiol.org on July 21, 2017 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved.
in the miROE transgenic plants did not lock well together even in the seeds, and the sterile lemmas were longer compared with ZH10 ( Fig. 2A) . The more enhanced expression of OsmiR396d (miROE5, 2.0; miROE10, 3.9; miROE8, 5. 3), the higher ratio of abnormal florets (miROE5, 5%; miROE10, 13%; miROE8, 17%) in the miROE transgenic lines (Fig. 2, A and B), which suggests that the expression levels of OsmiR396d were correlated with the percentage of florets showing defects. There was a higher proportion of abnormal florets (17%) in miROE lines than in OsGRF6as (10%) plants (Fig. 1B and Fig. 2A) .
Correspondingly, the expression levels of OsGRF family members including OsGRF1, OsGRF2, OsGRF3, OsGRF4, OsGRF5, OsGRF6, OsGRF7, OsGRF8 and OsGRF10 were significantly reduced in miROE compared with OsGRF6as lines (Fig. 2C and Fig. 1E ). These results suggest that the expression of the OsGRF family is repressed by OsmiR396d to control floret development.
From the Sp9 stage, the palea and lemma usually grow rapidly by continuous cell division and elongation. During this process, the wild type lemma interlocked completely with the palea at the top, enclosing the floral organs, whereas an open-husk phenotype appeared in the miROE florets (Fig. 3A) . Analysis on the cross sections of florets at different developmental stages showed that the irregular interlocking between palea and lemma were commencing at the very early developmental stages of florets (Fig. 3B) . Ordinarily, husk opening is a process in which the lodicules of each floret absorb water, swell and force apart the lemma and palea (Wang et al., 1991) . SEM assays showed no obvious differences in the cells or the structure of lodicules between wild type and the miROE lines (Supplemental Fig. S2A-B ). Histological analysis of lemmas revealed that primary vascular bundles were inclined toward one side in some miROE florets whereas the bundles were in the middle of the lemma in wild type (Supplemental Fig. S2C-D) . The wild type florets showed perfect interlocking of lemma and palea (Supplemental Fig. S2E ) whereas self-fused regions of lemma and palea epidermis appeared in the miROE plants (Supplemental Fig. S2F ). In florets of wild type, sterile lemmas contained only sclerenchymatous cells between two epidermal layers, whereas for elongated sterile lemmas in miROE florets that was not the case (Fig. 3C) . Then, SEM analysis indicated that compared with the smooth, narrow files of cells on the outer epidermal surface of wild-type sterile lemmas (Fig. 3C) (Fig. 3C ). All these findings suggest that overexpression of OsmiR396d, with the resulting downregulation of OsGRF family members, caused alterations in floret organogenesis and disrupted the interlocking of the palea and lemma.
OsGRF6 and OsGRF10 Predominate in Young Inflorescences
Publicly available microarray data show that some members of the OsGRF family, such as OsGRF3, OsGRF6, OsGRF10 and OsGRF11, are predominantly expressed in young inflorescences (http://bar.utoronto.ca/efprice/cgi-bin/efpWeb.cgi) (Supplemental Fig. S3 ). By contrast, other putative targets of OsmiR396d, such as LOC_Os08g37520 and LOC_Os06g03980, show weak expression in young inflorescences (Supplemental Fig.   S4A -B). We performed qRT-PCR assays and found that OsGRF4, OsGRF6 and OsGRF10 were the most highly expressed OsGRF genes in young inflorescences (Supplemental Fig. S3 and Fig. S4C ).
To examine the expression patterns of OsmiR396d and OsGRF6, transgenic rice plants harboring the GUS gene driven by the putative OsmiR396d (1,549 bp) or OsGRF6 (1,569 bp) promoter were generated. For both lines, GUS staining assays showed stronger signals in young florets compared to other tissues, especially in the interlocking region of palea and lemma, the pollen as well as the vascular bundles of the lemma (Supplemental Fig. S5A-B) , supporting the idea that OsmiR396d and OsGRF6 might function in floret development.
Overexpression of OsmiR396d-resistant OsGRF6 Rescues the Phenotypes of
OsmiR396d-overexpressing Lines
We then created an OsmiR396d-resistant form of OsGRF6 (rOsGRF6) by introducing a synonymous mutation that should prevent its degradation by OsmiR396d (Fig. 4A ). Lines overexpressing rOsGRF6 didn't show abnormal floret as wild type ZH10 (Fig. 4B) , although the rOsGRF6 mRNA accumulated to higher levels than did OsGRF6 mRNA in OsGRF6 transgenic overexpression lines (Fig. 4C) . A reduced percentage on open-husked or long-sterile-lemma florets (down to 2% from 17% in the miROE-8 background; Fig. 4D which was from the crossed lines (Fig. 4, D and E) . These findings, combined with the fact that the OsGRF6as lines with reduced levels of OsGRF6 showed similar abnormal florets, suggest that the floret phenotypes in miROE lines might be caused mainly by the decrease in OsGRF activity.
The osgrf6/osgrf10 Double Mutant has Altered Florets
We tried to find the important genes of OsGRF family that play roles in floret development by tissue expression analysis and OsGRF6 as well as OsGRF10 were found highly expressing in young inflorescences (Supplemental Fig. S3 and Fig. S4C ). The osgrf6 (PFG_3A-16508.R) mutant, which has a T-DNA insertion in the last exon caused it to lack full-length mRNA for OsGRF6 (Supplemental Fig. S6A-C) , exhibited a semi-dwarf phenotype compared with wild type, but no defects were found in the florets (Supplemental Fig. S6D ). Floret development also appeared normal in the osgrf10 (PFG_3A-03348.L) mutant, which had an insertion in the last exon of OsGRF10 (Supplemental Fig. S7A ) leading to somewhat reduced levels of OsGRF10 mRNA but a more severe decrease in the protein (Supplemental Fig. S7 , C and E). The osgrf6/osgrf10 double mutant not only showed a more severe semi-dwarf phenotype but also had defects in the florets (Fig. 5 ). About 5% (Fig. 5, D and E) of the florets in the double mutant showed long sterile lemmas (Fig. 5G ), missing paleas ( Fig. 5H ) and abnormal numbers of stamens (Fig. 5, J and K) like those in the miROE and OsGRF6as plants. These defects in the florets of the osgrf6/osgrf10 double mutant suggest that OsGRF6 and OsGRF10 function redundantly in floret development.
OsGRF6/10 Interact with OsGIF Proteins
Arabidopsis GIF (GRF Interacting Factor) proteins interact with AtGRF1 (Kim and Kende, 2004) , prompting us to test whether this is also true of their orthologs in rice. Yeast two hybrid (Y2H) assays showed that OsGRF6 and OsGIF1/2/3 interacted at their N-terminal domains, whereas OsGRF10 interacted with OsGIF1 and OsGIF2 but not OsGIF3 (Fig. 6, A and B). These interaction patterns of OsGIF1/2/3 and OsGRF6/10 were confirmed in vivo using BiFC assays, which revealed interactions in the nucleus (Fig. 6C) . protoplasts. The fluorescence from an OsGRF10-green fluorescent protein (GFP) fusion was found to overlap with DAPI staining of the nucleus (Supplemental Fig. S5C ).
Genome-Wide Expression Analysis in miROE Plants
To understand further how OsGRF genes are involved in rice floret development, we used a whole-genome microarray chip approach to analyze differences in expression patterns between miROE8 and wild-type plants. The reliability of the chip assay was confirmed by signal scatter graph (Fig. 7A ). In young inflorescences (Stage Sp4-8) of miROE8 plants, 64
genes were down-regulated and 43 were up-regulated compared with the wild type (Tables S1   and S2 ). GO analysis revealed that genes involved in metabolism or reproduction had significantly altered expression levels in the miROE8 plants compared with the wild type ( Fig.   7B ). qRT-PCR assays for several genes confirmed the chip data ( Fig. 7C ; Supplemental Table   S4 ).
Of note, the jmjC domain-containing gene OsJMJ706 which encodes a H3K9
demethylase (Sun and Zhou, 2008) , appeared in the list of down-regulated genes (Fig. 7C ).
The expression of OsJMJ706 was decreased to -0.6-fold in miROE8 plants. It OsDH1 expression levels were also decreased in miROE8 and OsGRF6as-6 (Fig. 8N ). The similarity of these floret phenotypes suggests that OsJMJ706 might be involved in floret developmental regulation mediated by OsmiR396d. Table S3 ). These data suggest that OsJMJ706 is genetically functional in floret development mediated by OsmiR396d in rice.
Overexpression of OsJMJ706 Partly Rescued the Abnormal Floret Phenotypes in
OsJMJ706 might be a Direct Target of OsGRFs
Protein sequence alignment revealed a single CCCH (C-X8-9-C-X10-C-X2-H)-type zinc-binding motif in the WRC domain of OsGRF family proteins (Fig. 9A ). The motif corresponded to that in HRT, a barley transcriptional repressor protein that is proposed to bind the GARE motif (Raventos et al., 1998) , hinting that the GRFs, as putative transcription factors, may also bind to the GARE motif. Sequence alignments showed that a GARE-like sequence was present at the region -109 bp to -115 bp from the transcription start site in the promoter of OsJMJ706 (Fig. 9B ). This combined with the fact that mutation of OsJMJ706 resulted in similar floret defects as in miROE lines ( Fig. 8A-M 
), led us to test whether
OsJMJ706 was a direct target of GRF family proteins. Electrophoretic mobility shift assays (EMSAs) showed that OsGRF6 and OsGRF10 bound to the P1 sequence in the promoter of
. By contrast, the OsGIF1 protein did not (Fig. 9C ). Mutations in the P1 sequence caused reduced binding by OsGRF10. ChIP assays using available antibody for OsGRF10 (Supplemental Fig. S7 ) showed that sequence region 'a' of OsJMJ706 accumulated more in DJ (DongJin) wild type than in the grf10 mutant (Fig. 9D) . These results indicate that OsGRF10 can specifically bind to the GARE element in the promoter of OsJMJ706.
OsJMJ706 thus appears to be a direct target of GRF10 in the regulation of floret development.
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Transcriptional Activities of OsGRF6 and OsGRF10 are Enhanced by OsGIF1
GRF proteins were predicated to be transcription factors in Arabidopsis (Kim and Kende, 2004) . A transcriptional activation assay was performed using the Gal4 BD-OsGRF6/OsGRF10 fusion protein and a constitutively expressed reporter gene containing four upstream Gal4 DNA binding sites (Gal4 (4X)-D1-3(4X)-GUS) (Fig. 10A) . The data showed that both of OsGRF6 and OsGRF10 caused activation of the reporter gene expression (Fig. 10B) . When OsGIF1-GFP was added to the assays, the activation activities of both OsGRF6 and OsGRF10 were greatly increased compared with either alone (Fig. 10B) . The specific binding and activation activity of transcription to JMJ706 was also analyzed (Fig.   10F ). Cotransformation of OsGRF10 and OsGIF1 showed that OsGIF1 also can enhance the transactivation activity of OsGRF10 compared with OsGRF10 alone (Fig. 10F ). All these data suggest that OsGRF6 or OsGRF10 had transcriptional activation activity and that
OsGIF1 can act as the transcriptional coactivator for them.
OsCR4 is targeted by OsGRFs
OsCR4, a crinkly4 receptor-like kinase, maintains the interlocking of the palea and lemma by promoting epidermal cell differentiation in rice (Pu et al., 2012) . The open-husk phenotype of
OsCR4 RNAi plants resembles that of the miROE transgenic plants ( Fig. 2A) . The transcription levels of OsCR4 were down-regulated in the miROE transgenic and osgrf6/osgrf10 double mutant plants (Supplemental Fig. S8 and Fig. 11B ) which suggests that expression of OsCR4 may be negatively regulated by miR396d in rice. A GARE element was identified at -1400 bp in the promoter of OsCR4 (Fig. 10C) , and EMSA assays showed that both OsGRF10 and OsGRF6 proteins could bind to that region of the OsCR4 promoter ( Fig.   10C-D) . ChIP assays using the OsGRF10 antibody showed that OsGRF10 could specifically bind to the GARE element of OsCR4 in vivo as well (Fig. 10E) . The specific binding and activation activity of OsGRF10 to OsCR4 was also analyzed in the transient system (Fig. 10F ).
OsGIF1 also can enhance the transactivation activity of OsGRF10 to the promoter of CR4 compared with OsGRF10 alone (Fig. 10F) . Therefore, OsCR4 appears to be another target of OsGRF6/10 to regulate floret development. 
DISCUSSION
The reproductive organs in Poaceae (grass) are the basic unit to determine grain yield.
Although multiple genes are known to be involved in regulation of the identity of grass specific organs, such as palea, lemma, lodicules, pistils and stamens, the molecular mechanism controlling the floral organs has been the subject of a vast and largely inconclusive discussion. It is still of great interest to elucidate new genes involved in the genetic control of this developmental process in rice. The floret defects in the miROE plants could be rescued nearly completely by expression of a miR396-resistant from of OsGRF6 (rOsGRF6) in the miROE background (Fig. 4) . In
OsmiR396d-Dependent OsGRFs
Arabidopsis, AtmiR396 negatively regulates cell proliferation by repressing the expression of
AtGRF genes in a dosage-dependent manner (Liu et al., 2009; Rodriguez et al., 2010; Wang et al., 2011) . Recently, AtmiR396 was reported to mediate pistil development by suppressing of its GRF target genes in Arabidopsis (Liang et al., 2014) . Our study reveals that OsGRF genes participate in floret development in a redundant manner in rice which expands our view on the function of miR396 as well as its GRF target genes. and lemma occurred in miROE florets (Fig. 3A-B and Supplemental Fig. S2F ). In stages Sp4
OsmiR396d is Essential for Interlocking between Palea and Lemma
to Sp6, OsGRF6 and OsGRF10 are slightly expressed in the floral meristems (Fig. 11A) . At stage Sp7, OsGRF10 was expressed higher in the stamen, palea and lemma than the expression of OsGRF6, while in stages Sp7-8, OsGRF6 and OsGRF10 are expressed highly in the stamens as well as the interlocking regions of palea and lemma (Fig. 11A ). OsmiR396d
and OsGRF6 shared an expression pattern in the interlocking region of palea and lemma, the pollen as well as the vascular bundles of the lemma (Supplemental Fig. S6B ). All these data are consistent with the phenotype in the flower. Over-expression of OsmiR396d caused the anomalous numbers of pistils and stamens in the miROE florets ( this, the expression levels of OsJMJ706 and OsCR4 were decreased in the miROE plants ( Fig.   8N and Supplemental Fig. S8 ).
OsGRF Directly Affects the Transcription activity of OsJMJ706 and OsCR4 to Regulate Floret Development
The OsGRF family is composed of twelve members in rice (Choi et al., 2004) . All OsGRF genes have the conserved QLQ and WRC domains in their N-terminal regions (Fig. 1D ) (Van der Knaap et al., 2000; Kim et al., 2003) , and their variable C-terminal regions are rich in Pro, Gln, His, Ala/Gly, and Ser/Thr, characteristics frequently found in transcription factors (Choi et al., 2004) . Indeed, the C-terminal region of OsGRF6 showed strong transactivation activity ( Fig. 6B and Fig. 10B ), as previously reported for OsGRF1 (Choi et al., 2004) . OsGRF genes were preferentially expressed in the young inflorescence, with the expression levels of OsGRF6 and OsGRF10 higher than those of the other OsGRF family members. OsGRF10 also showed transactivation activity in vivo (Fig. 10B) (Fig. 10, B 
and F).
OsJMJ706 is required for floral organ development (Sun and Zhou, 2008) . In miROE,
OsGRF6 antisense transgenic plants and osgrf6/osgrf10 double mutant plants, expression levels of OsJMJ706 were down-regulated ( Fig. 8N and Fig. 11B ). In addition, the miROE plants and the jmj706 mutant exhibited marked phenotypic overlap in floral defects, including The expression levels of the samples were normalized to that of Ubiquitin. The gene-specific primers used in the qRT-PCR are described in Supplemental Table S4 .
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Global analysis of gene expression
Global analysis of gene expression was done by using the rice Affymetrix GeneChip with the wild type and miROE8 plants independently grown under the same growth conditions.
Total RNA was isolated from young inflorescences before flowering (Stage Sp4-8) with the total RNA extraction kit (TRIzol reagent; Invitrogen). All processes were conducted according to the GeneChip Standard Protocol (Eukaryotic Target Preparation, Affymetrix).
Statistical analysis of the microarray data was as previously described (Wang et al., 2008) .
Small RNA Analysis
Total RNA was extracted using the TRIzol RNA extraction kit according to the user manual (Invitrogen Membranes were prehybridized for at least 3 h and then hybridized overnight at 37°C in ULTRAhyb-Oligo hybridization buffer (Ambion, Austin, TX, USA). The membranes were briefly air dried and then exposed to x-ray film for autography at -80°C. Images were acquired by scanning the film.
Alternatively, miR396d levels were determined by stem-loop qRT-PCR, as described previously (Chen et al., 2005) . The samples were normalized using U6 snRNA in the stem-loop qRT-PCR. The sequences of the primers used are described in Supplemental Table   S4 .
Microscopic Observations
Different developmental stages as well as the GUS staining florets were fixed in FAA solution (3.7 % formaldehyde, 50 % ethanol, and 5 % acetic acid) and embedded in Paraplast Plus (Sigma-Aldrich). Eight-µm thick sections were stained with toluidine blue (no staining for GUS staining florets) for light microscopic analysis (Zeiss) (Guo et al., 2013) .
DNA Gel Blot Analysis
Genomic DNAs were isolated from 2-week-old seedlings and 20 µg total DNAs were digested with EcoR I or Hind III. The fractionated DNAs were electrophoresed on 0.7 % agarose gels and then blotted to nylon membranes. The GUS gene used as the probe was labeled with [α-32 P] dCTP. Hybridization was performed as previously described (Xu et al., 2005) .
Yeast Two-Hybrid Assays
The cDNAs of OsGRF6, OsGRF10, OsGIF1, OsGIF2, and OsGIF3 were cloned into the pGADT7 and pGBKT7 vectors and then co-transformed into yeast strain AH109.
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Transformants were screened for growth on medium lacking Leu, Trp, His and Ade.
Recovered individual colonies were used for β -galactosidase (β-gal) filter assays.
Bimolecular Fluorescence Complementation (BiFC)
BiFC assays were performed following a previously described protocol (Waadt et al., 2008) . For BiFC assays, the full length cDNAs of OsGIF1, OsGIF2, and OsGIF3 were cloned into the pSPYNE173 vector, and the 5' region of the cDNAs of OsGRF6 and OsGRF10 were cloned into the pSPYCE(M) vector. Plasmids were individually electroporated into Agrobacterium (strain GV3101) and the different strains carrying the pSPYNE-OsGIF1/2/3 and pSPYCE-OsGRF6/OsGRF10 plasmids as well as the helper strain carrying P19 plasmid were co-infiltrated into tobacco leaves. YFP fluorescence was visualized with a confocal scanning microscope 72 h after infiltration.
Transient Assays for Activation Activity in vivo
Activation assays were carried out in protoplasts prepared from 4-week-old Arabidopsis seedlings of the Columbia ecotype grown under short day conditions (Zhu et al., 2008) . The DNA binding domain (BD) from GAL4 was used and the GAL4 BD-OsGRF6, GAL4
BD-OsGRF10 and GAL4 BD-OsGIF1 fusion proteins could bind to the GAL4 DNA-binding sites of the GUS reporter. The known activator protein ARF5M was used as a positive control.
The GUS reporter containing four upstream GAL4 DNA-binding sites (GAL4 (4X)-D1-3(4X)-GUS) as well as the luciferase (LUC) reporter were cotransformed with GAL4 BD-OsGRF6 into Arabidopsis protoplasts. The GUS activity was quantified as described (Jefferson et al., 1987) . A plasmid carrying the luciferase gene under the control of the 35S promoter was used as an internal control to normalize the data for variations in the experiment (Yoo et al., 2005) .
The full length cDNA of either OsGRF10 or OsGIF1 was fused into the pBI221 vector driven by the 35S promoter to generate pBI221-OsGRF10, pBI221-OsGIF1, respectively. Escherichia coli BL21 (DE3). Cells were grown at 37°C and induced by the addition of IPTG to a final concentration of 1 mM when the OD 600 was 0.6. The pGEX-4T-1-OsGRF10 fusion protein was purified with Glutathione Sepharose 4B (GE Healthcare). The GIF1 protein was obtained by digesting pGEX4T-1-GIF1 fusion protein with thrombin. We failed to purify the pET-28a + -GRF6N protein and the cell lysate of pET-28a + -OsGRF6N was used for EMSA.
Oligonucleotides (Supplemental Table S4 ) were synthesized (Invitrogen) and labeled using the Biotin 3' End DNA Labeling Kit (Pierce). We used standard reaction mixtures for EMSA, containing 2 µg purified OsGRF10-GST or OsGIF1 protein or the supernatant of OsGRF6N-His cell lysates, 2 µL biotin-labeled annealed oligonucleotides, 2 µ L 10 × binding buffer (100 mM Tris, 500 mM KCl, and 10 mM DTT, pH 7.5), 1 µL 50 % glycerol, 1 µL 1 % NP-40, 1 µL 1 M KCl, 1 µ L 100 mM MgCl 2 , 1 µL 1 µg/µL poly(dI-dC), and ddH 2 O to a final volume of 20 µL. The reactions were incubated at room temperature (25°C) for 20 min and electrophoresed on 10 % native polyacrylamide gels and then transferred to N + nylon membranes (Millipore) in 0.5 × TBE buffer at 380 mA at 4°C for 60 min. Biotin-labeled DNA was detected using the LightShift Chemiluminescent EMSA kit (20148; Pierce). For super shift assays of OsGRF6N-His or OsGRF10-GST protein, 1 µg anti-His antiserum or 1 µg anti-GST antiserum was added to the reaction before the 20 min incubation of the DNA fragments at room temperature.
Chromatin Immunoprecipitation Assays
Leaf samples (2 g) of 2-week-old rice seedlings of osgrf10 mutant and Dongjin wild type were used for chromatin immunoprecipitation assays, performed as described previously (Sun Supplemental Table S4 . The ChIP experiments were replicated three times independently and yielded similar results each time.
Subcellular Localization of OsGRF10
The full-length cDNA sequence of OsGRF10 was amplified with gene-specific primers (Supplemental Table S4 ). The PCR products were digested with XbaI and KpnI, and then ligated into pBI221 vector, in which the coding sequence of OsGRF10 gene was fused to the 5' end of the GFP gene in frame, driven by the cauliflower mosaic (CaMV) 35S promoter.
The fusion construct as well as the control vector with pBI221 alone were transformed into rice leaf and sheath protoplasts. After incubation of the protoplasts for 16 h in the dark at 30°C, GFP fluorescence was observed using a laser scanning confocal microscope (ZEISS LSM 510 META).
In situ hybridization
RNA in situ hybridization was performed as described previously (Xu et al., 2005) .
Digoxigenin-labelled hybrid probes were transcribed in vitro from cDNA of OsGRF6, OsGRF10, OsJMJ706, OsCR4 and ACTIN with gene-specific primers (Supplementary Table   S4 ). Young florets from DJ (Dongjin) and double mutant grf6/grf10 were used for RNA in situ hybridization assays. Slides were photographed under a microscope (Zeiss). 
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